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Abstract 
Group III-nitride nanowires have attracted a lot of research interest in the past decade. 
They contain both the intrinsic properties of III-nitride materials and some unique 
properties induced by the nanowire structures. This article reviews the growth methods 
to obtain III-nitride nanowires, and discusses the pros and cons of both top-down and 
bottom-up approaches, with detailed discussions on different epitaxy methods. The most 
widely used catalyst-induced epitaxy and extrinsic particle free epitaxy to grow III-nitride 
nanowires are compared. The properties of those nanowires make them promising 
candidates for a broad range of applications, including optoelectronic, electronic and 
electromechanical devices, which are also presented, with a focus on the current 
challenges and recent progresses. 
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devices 
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1. Introduction 
Semiconductor nanowires have significant potential across a broad range of applications. 
Among them, III-V nanowires have attracted particular interest for optoelectronic 
applications in the past decade. Most of these materials have a direct band gap, making 
them very promising for optoelectronic device uses, such as solar cells [1, 2], light 
emitting diodes (LEDs) [3, 4], lasers [5, 6] and single photon devices [7, 8]. The 
nanowires can also be used for electronic applications such as field effect transistors 
(FETs) [9-11] and single electron transistors [12, 13] etc.  
Group-III nitrides are a unique category in the entire III-V family, with direct bandgaps 
over a broad range of energies, which enables III-nitride-based lighting devices to achieve 
high efficiencies and emission wavelengths that are difficult to achieve using other III-V 
materials. For example, the light emitting regions of most blue LEDs consist of GaN/
InGaN quantum wells. AlGaN ternary alloys enable ultra violet emission, which can be 
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used for water [14] and air purification [15]. Moreover, III-nitride optoelectronic devices 
can have high performances even with high dislocation densities (1010 cm-2), whereas 
other III-V materials, such as arsenides and phosphides, require much lower dislocation 
densities (105 cm-2) to have acceptable efficiencies [16, 17].  
2. Review of the growth methods 
2.1.Top-down methods 
Growth methods for group III-nitride nanowires can be divided into two categories: top 
down and bottom up. The top down methods refer to lithography-related synthesis 
approaches, such as electron beam lithography [18] and optical lithography [19]. In 
addition, nanowires fabricated by focused ion beam (FIB) micromachining [20], plasma 
etching [21] and wet etching [22] also belong to the top-down category. The schematic of 
the concept of top-down is presented in Fig 1. The primary advantages of the top-down 
methods are position control and uniformity of the as grown nanowires. This is important 
for device fabrication. It is known that one challenge for nanowire-based applications is to 
integrate the nanowires into devices. By using the top-down growth methods, the 
positions of the nanowires can be controlled precisely by patterning, and single nanowire 
fabrication is also achievable by FIB, which enables easy separation of a single nanowire 
for device integration and post processing. The top-down methods also provide good 
uniformity of the nanowires, and this is particularly useful to maintain reasonable 
reproductivity for nanowire array-based devices. However, the drawbacks of the 
nanowires fabricated by top-down methods are surface damage and larger sizes than self 
assembled nanowires. Surface damage of the nanowires is a typical problem for nanowires 
grown by dry etching methods, such as electron beam lithography, FIB and plasma 
etching. As the nanowires are achieved by removing redundant materials by particle 
bombardment, the surfaces of the nanowires may contain amorphous regions and 
implantation of the source particle is another problem. The sizes of the top-down 
nanowires are limited by the resolution of the patterning techniques, which is generally 
larger than 100 nm. However, the quantum confined effects normally emerge only if the 
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nanowires are thin enough, resulting in another impediment for the uses of top-down 
growth methods. 
  
Fig 1. Schematic of a top-down method to obtain nanowires. The etching here can be achieved by 
various methods, e.g. inductively coupled plasma (ICP) etch. The remaining mask can be removed 
via various materials depending on the mask material. The mask is redundant if a directional 
etching source, e.g. electron beam lithography or FIB, is used. 
2.2.Bottom-up methods 
The bottom up growth methods are referred as self assembly, and the most common 
method for nanowire growth is epitaxy, which refers to the extended growth of single 
crystal structures on single crystal substrates, with their lattices aligned. However, some 
reactions in a furnace can also form group-III nitride nanowires, for example the direct 
reaction of Ga metal vapour with ammonia [23], carbon nanotube confined reaction of 
Ga2O with ammonia [24], and oxide-assisted method by laser ablating a target of GaN 
mixed with Ga2O3 [25]. This kind of methods has no directional or positional control of 
the nanowires, although they have the potential for large-scale production with low cost. 
Epitaxy, by contrast, provides more control on the directions and crystalline structures of 
the nanowires, which is preferable for device uses. 
2.2.1.Epitaxy 
There are two basic types of epitaxy homoepitaxy and heteroepitaxy. Homoepitaxy means 
the substrate is the same material as the epitaxial material. By contrast, substrate and the 
epitaxial material are different in the case of heteroepitaxy. Heteroepitaxy is more 
common for the growth of group III-nitride nanowires, because it is currently very 
difficult and costly to achieve bulk group III nitride substrates, and the formation of 
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nanowires usually requires the strain induced by the hetero-substrates. The most widely 
used substrates are silicon carbide (SiC) [26], sapphire (Al2O3) [27, 28], and silicon (Si) 
[29, 30]. The heteroepitaxy methods can be divided into two categories: catalyst-induced 
or extrinsic particle free (sometimes called catalyst-free or self-catalytic) methods. 
Catalyst-induced epitaxy 
Vapour-liquid-solid (VLS) growth is the fundamental mechanism for catalyst-induced 
growth of the nanowires. It was first used to grow silicon (Si) nanowires, using gold (Au) 
as the catalytic particles [31], the schematic of which is presented in Fig 2. At suitable 
temperatures, the Au particle and supplied Si atoms can form a liquid alloy, as shown in 
the Au-Si phase diagram (Fig 3). If the Au-Si system is in a hypereutectic condition, 
namely the ratio of Si is higher than the eutectic ratio, then Si will start to precipitate. In 
this way, if Si is continuously supplied to the environment, the Au-Si system can stay 
steadily at the hypereutectic condition, i.e. Si remains supersaturated, while the Si atoms 
can keep precipitating to form nanowires. The VLS concept has been widely used for the 
growth of III-V nanowires, although the mechanisms are more complex than the growth 
of Si nanowires because a ternary rather than a binary system is formed at the growth 
interface.  
  
Fig 2. Schematic of the growth of Si nanowires by VLS. a is the initial condition and b is that during 
the growth the metal droplet stays on the tip. Figure from [31] (reuse permitted).  
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Fig 3. Au-Si phase diagram, re-plotted with data from [32] (reuse permitted). 
In the case of group III-nitride nanowire, the catalysts are not limited to be Au [33], but 
can also be iron (Fe) [34], nickel (Ni) [35], and lanthanum (La) [36]. Unlike the growth 
of other III-V nanowires, which requires a III-rich condition during the epitaxy process, a 
N-rich condition is necessary for the growth of group III-nitride nanowires. The 
requirement of the N-rich condition for the catalyst-induced growth methods can be 
explained as follows. The growth rate is determined by available group III atoms under N-
rich conditions [37], and group III atoms accumulate in the extrinsic metal seeds, so 
more group III atoms are below the seeds than on the substrate. Therefore, nanowires 
form below the seeds rather than form films on the substrate. 
The state of the catalytic particles during the growth process, however, remains 
controversial. Although the mechanism has been explained as a vapour-liquid-solid (VLS) 
system catalyst in the liquid form, some studies [38, 39] argued that the catalytic particle 
can stay in the solid state during the growth and therefore form a vapour-solid-solid 
(VSS) system. The state of the catalytic particles can be observed by in-situ transmission 
electron microscopy (TEM). The evidences suggest that the catalytic particles can 
probably be either solid or liquid depending on the growth conditions, and their catalytic 
function remains regardless of the state of the particles. This means the VLS concept may 
not be sufficient to explain the growth of catalyst-induced nanowire growth. Some kinetic 
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models illustrate that the particle-nanowire interface is kinetically preferable for the 
material to precipitate, which can to some extent explain the VSS mechanism [40]. 
The catalyst-induced growth methods provide good control of the nanowire diameter by 
tuning the size of the catalytic particles. Methods that can achieve this are, for example, 
in-situ annealing of a thin metal film, or depositing the metal seeds using well-defined 
masks. The position of the nanowires can also be controlled by positioning the catalytic 
particles using various patterning methods. However, the particles remain on the top of 
nanowires after growth. Also, material from the catalytic seed can be incorporated into 
the nanowire body leading to nanowire tapering during the growth [41]. As the particles 
are normally foreign materials compared with the nanowires, they may adversely affect 
the nanowire properties. In addition, the catalytic particles may induce stacking faults 
during the growth, due to the strain between the particle and the nanowire growth 
interface [42]. The stacking faults in nanowires can cause unintentional emission peaks 
for optoelectronic devices and also broaden the emission linewidths. This drives the 
investigation of catalyst-free nanowire growth. 
Extrinsic particle free epitaxy 
The extrinsic particle free methods to grow nanowires can avoid the use of foreign 
catalytic particles. These are sometimes called catalyst-free or self-catalytic methods, 
although whether the growth process involves a catalysis process or only kinetics is still 
to some extent controversial. The extrinsic particle free heteroepitaxial method for the 
growth of group-III nitride nanowires is slightly different from the other III-V materials, 
although there are some similarities between the two groups. As the growth of other III-V 
nanowires are better understood than the growth of III-nitride nanowires, it is helpful to 
explain it before moving to the extrinsic particle free methods for III-nitride nanowires. 
For the other III-V nanowires such as arsenides and phosphides, the extrinsic particle free 
growth methods involves Ga-assisted growth [43] and selective area epitaxy [44, 45]. The 
Ga-assisted growth has a similar mechanism as catalyst-induced growth mentioned 
above, providing good quality GaAs [46-49] nanowires. The process is to form Ga 
droplets on suitable substrates, such as GaAs (100) [43] and Si (111) [50], prior to the 
growth of nanowires. If a Ga-rich condition is then maintained at suitable temperatures, 
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the VLS or VSS mechanism will be initialised and nanowires start to grow. Likewise, InAs 
and InP nanowires can be formed by In-assisted growth methods, using In droplets to 
initialise the nanowire growth [51]. Although the Ga or In droplets usually remain on the 
top of the nanowires after growth, they have less effects on the nanowire properties 
compared with the other foreign metal droplets used in catalyst-induced growth methods.  
Selective area epitaxy, by contrast, can entirely eliminate the use of any metal droplets, 
providing nanowires with clean tips. This technique has actually existed for a long time, 
while not for the growth of nanowires, but to deposit thin films on selected areas on a 
substrate [52]. The selected areas are made by patterning openings on a sacrificial layer 
on the substrate, usually SiO2 on III-V [44, 45, 53] or Si substrates [54]. This method 
involves some lithography techniques to define the openings, so it is to some extent a 
combination of top-down and bottom-up. A group III-rich growth condition is again 
needed, similar to Ga-assisted growth. The formation of nanowires does not involve a 
VLS mechanism, but is probably dominated by the formation of different facets with 
different growth rates under certain growth conditions [53]. For instance, the growth 
along (111)B direction is faster than <110> directions by lowering arsine partial pressure 
for the growth of GaAs nanowires, leading to the formation of nanowires rather than 3D 
islands [55].  
The extrinsic particle free growth for group III-nitride nanowires involves direct epitaxy 
[42] or selective area epitaxy [26]. Similar to the catalyst-induced growth for group III-
nitride nanowires, a N-rich condition is also required for the extrinsic particle free 
methods, although the mechanisms are very different and remain controversial. Direct 
epitaxy means no catalyst is involved and the nanowires are obtained only by certain 
growth conditions with suitable substrates using molecular beam epitaxy (MBE) or 
metalorganic chemical vapour phase deposition (MOCVD). Selective area epitaxy involves 
a patterning step prior to the nanowire growth, similar to the methods used to grow other 
III-V nanowires. However, the Ga-assisted growth method used for other III-V materials is 
not likely to be able to form group III-nitride nanowires. The reason for this is that if Ga 
droplets are used, it is difficult to achieve a N-rich condition at the growth interface.  
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The formation of GaN nanowires occurs probably because of the constrained diffusivity of 
Ga atoms on the substrate under a N-rich condition [56], preventing the coalescence of 
the nanowires during the growth process. This is consistent with the fact that under a 
reduced V/III ratio, the growth tends towards the formation of films with more 
pronounced coalescence. Another effect relevant to the formation of nanowires is that the 
growth rate along [0001] axis, which is called axial growth rate for hexagonal nanowires, 
is higher than the nanowire radial growth, due to a longer diffusion length on the m-
planes [57], or a higher sticking coefficient on the c-plane [58], under certain growth 
conditions. The substrate used also has effects on the formation of nanowires. The lattice 
mismatch between the substrate and the nanowire materials could possibly initialise a 
Volmer–Weber mechanism [59] at the beginning of the growth process [57], promoting 
the formation of nanowires rather than films. The most common substrates for extrinsic 
particle free GaN and InN nanowires are sapphire (Al2O3)(0001) [60-62] and Si (111) 
[63-66]. It has been found from literature that if sapphire is used as the substrate, a 
buffer layer, usually AlN or SiNx, is needed prior to the growth of nanowires, otherwise 
the nanowires cannot be formed. The buffer layer is supposed to help initialise the 
nanowire nucleation step at the beginning of the growth process. By contrast, the 
presence of a buffer layer does not affect the formation of nanowires if Si substrates are 
used.  
Epitaxy techniques 
The most widely used epitaxy techniques for the growth of nanowires are molecular beam 
epitaxy (MBE) and metalorganic chemical vapour phase deposition (MOCVD). The first 
two reports about the growth of GaN nanowires by MBE were given by Sánchez-García et 
al. [67] and Yoshizawa et al. [68] in 1998, and the growth by MOCVD was achieved more 
recently in 2004 by Kim et al. [69]. Some general features of MBE and MOCVD may 
affect the structure and properties of the as-grown nanowires, and they both have some 
advantages and disadvantages, which are discussed as follows. 
There are some similarities and differences between MBE and MOCVD. To be simplified, 
both of them achieve epitaxy by controlling the temperature and V/III ratio under high 
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vacuum. Pure elements are used as sources for MBE growth, for example Ga atoms, In 
atoms, and N plasma for the growth of GaN and InN nanowires. However, metalorganic 
molecules are sources (called precursors) for group III elements in MOCVD, such as 
Ga(CH3)3 (TMGa) for Ga, In(CH3)3 (TMIn) for In, and NH3 is the source of N. Some 
growers use ethyl rather than methyl precursors. A carrier gas, such as H2, N2 or 
sometimes their mixture, is required for MOCVD growth to bring the metalorganic 
molecules to the growth chamber. Consequently, the reactions happening in MOCVD are 
more complex than those in MBE. In order to break the bonds in the molecules to create 
reactive elements for epitaxy, a higher growth temperature is generally needed in 
MOCVD than in MBE. If the growth temperature is not high enough in MOCVD, the 
number of reactive elements may saturate, posing a limit for the growth rate even with 
increased gas flows. An advantage of MOCVD over MBE is the much higher growth rate, 
which is industry-preferred, although a slower growth rate in MBE can provide more 
control during the growth process. As the reactions in MBE are simpler, it needs an ultra 
high vacuum (UHV) condition, generally 10-8 Pa, while MOCVD only needs a moderate 
pressure. Due to this, the impurity level in MOCVD is higher than in MBE. For instance, 
unintentional doping from oxygen is a common problem for the epitaxial growth of group 
III-nitride materials by MOCVD [70], leading to unintentionally n-type materials. In 
addition, the diffusion length of adatoms in MBE is generally longer than that in MOCVD 
due to UHV, making kinetics more considerable when interpreting the growth 
mechanisms in MBE. It also makes MBE perhaps more preferable for the extrinsic particle 
free growth of nitride nanowires, as current evidence discussed previously suggests that 
the growth is more likely to be kinetically driven. 
3. Properties of group III-nitride nanowires 
The group III-nitride nanowires contain both the intrinsic properties of III-nitride 
materials and some unique properties induced by the nanowire geometry. This section 
starts with a brief introduction of the crystal structures and bandgaps of group III-nitride 
materials, followed by discussions of the properties induced by the nanowire structures. 
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Those properties can be used in various applications which are discussed in the next 
section. 
The crystal structures of group III-nitrides can be either wurtzite or zincblende. Wurtzite 
is a hexagonal structure and it is the most stable phase for the group III-nitrides, while 
zincblende is a cubic structure and is meta-stable. A schematic of the wurtzite crystal 
structure of GaN is shown in Fig 4. At room temperature, the widely accepted lattice 
parameters for GaN are a=3.186Å and c=5.185Å [71]. From the figure, the +c-plane 
(0001) is Ga-polar and the -c-plane (0001) is N-polar.  
  
Fig 4. (a) is the wurtzite crystal structure of GaN, where the [0001] direction is labeled. (b) shows 
the polar c-plane, the non polar a- and m-planes and the semi-polar (11-22) plane. Figures from 
[70] (reuse permitted). 
The direct bandgaps of group III nitrides allow the electrons and holes to recombine 
without phonons in an ideal lattice. For optoelectronic devices, the emission wavelength 
is correlated to the bandgap of the materials, which can be tuned by using different 
compositions, according to Vegard’s Law [72]. For group III-nitrides and their alloys, the 
emission wavelengths can vary from ultraviolet (UV) to infrared. Fig 5 shows a 
comparison of the ranges of emission wavelength in terms of III-nitrides and some other 
light emitting materials. 
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The bowing factor needs to be considered when calculating the bandgaps of group III-
nitride ternary alloys. For example, the bandgap of the InGaN ternary alloy can be 
determined by the following equation: 
  
where b is referred as the bowing parameter. Theoretical calculation suggested that b is 
approximately 1eV for InxGa1-xN [73]. However, the calculation assumed that the material 
is unstrained, while InGaN is usually grown as a heteroepitaxial layer, in which case 
strain normally exists. Some authors have argued that the strain and defects in InGaN 
affect the value of its bowing parameter [74]. 
  
Fig 5. (a) shows the bandgap energies of group III-nitrides and their alloys, with corresponding 
colours in the rainbow. (b) shows some other light emitting materials (solid circles denote direct-
bandgap materials, and open circles denote indirect-bandgap materials; solid lines denote direct-
bandgap alloys, and dashed lines denote indirect-bandgap alloys). Figures from [75] (reuse 
permitted). 
The geometry of nanowires adds extra promising properties to the nitride materials. For 
instance, the nanowires grown by heteroepitaxy could eliminate the strain induced by the 
lattice mismatched substrate [42]. Currently, a lattice matched substrate to grow GaN is 
very difficult to achieve, and the free standing bulk GaN substrates with lattice 
parameters similar to the upper layers and with much lower dislocation densities are very 
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costly. The strain within the epitaxial layers increases the number of dislocations in the 
epitaxial layer, which can act as non-radiative recombination centres [76] and impede the 
efficiencies of optoelectronic devices. Nevertheless, some studies have illustrated that 
epitaxial GaN nanowire arrays are almost free of dislocations, which can theoretically 
reduce the non-radiative recombination rate in nanowire-based optoelectronic devices 
[69]. However, the large surface-to-volume ratio of nanowires introduce more 
pronounced surface states for non-radiative recombinations, which is not an issue for 
planar structures. The surface states can be reduced by various surface passivation 
processes [77]. Additionally, the presence of stacking faults in group III-nitride 
nanowires, grown by either catalyst-induced or extrinsic particle free methods, remains a 
problem [28, 78]. The stacking faults are generally basal plane stacking faults for 
nanowires with the growth direction along [0001]. They adversely affect the mechanical 
properties of the nanowires, hindering the use in electromechanical applications [79]. 
Nowadays, most GaN/InGaN quantum well based devices are grown on c-plane (0001) 
sapphires. The polarised material interface and piezoelectric field in the strained epitaxial 
layer raise an electric field within the QWs, which is called quantum confined Stark effect 
(QCSE) [80]. Due to the electric field, the allowed electron states in conduction band 
shift to lower energies and the allowed hole states in valence band shift to higher states, 
resulting in lower energies of the emitted photon. The QCSE also shifts the electrons and 
holes to opposite directions, which decreases the overlap of the electron and hole 
wavefunctions. This reduces the carrier recombination rate of the system [81], impeding 
device performances. QCSE can be eliminated by growing the quantum wells on non-
polar facets, such as m-planes and a-planes (see Fig 4). Although this can be achieved by 
using non-polar substrates [82], it can also be achieved by radial heterostructures (i.e. 
core-shell structures), as shown in Fig 6 (a), on GaN nanowires grown on normal c-plane 
substrates [3]. This provides the opportunity to build non-polar nitride based 
optoelectronic devices using nanowires. 
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Fig 6. (a) is the schematic of a nanowire radial heterostructure (core-shell structure), and (b) is the 
schematic of an axial nanowire heterostructure. 
In addition, axially heterostructured nanowires, presented in Fig 6 (b), also provide extra 
freedom for the use of the materials. For example, the p-n junction based on the axial 
heterostructure of a single GaN nanowire [83] can be used as the fundamental 
component in GaN-based electrical devices. The electron mobility in nanowires increases 
significantly due to reduced density of scattering centres compared to bulk materials [84]. 
This combines the advantages of both the material itself and the small size of nanowires, 
enabling the use of group III-nitride nanowires in nano electronic devices. In addition, 
embedded quantum wells along the nanowires are another type of axial heterostructures. 
Due to the quantum confinement induced by the small diameter of the nanowires, the 
embedded axial quantum wells could have quantum dot properties [85], providing extra 
freedom for device applications, which is discussed later. 
The nanowire structures of group III-nitride materials can also improve the doping 
quality, for p-type in particular [86-88], although the reason for this is still unclear. For 
instance, the measured free hole concentration in Mg-doped AlN nanowires has reached 
1016 cm -3 [88], whereas the value is around 1012 cm -3 in AlN epilayers [89]. n-type 
doping usually uses Si for group III-nitride materials, which is a shallow donor. However, 
p-type doping of GaN is historically difficult to achieve, because the ionisation energies of 
acceptor dopants are relatively high in GaN [90, 91]. If the energy level of acceptors is 
deep within the bandgap, then a relatively high energy, or a high temperature, is 
necessary to activate the dopants. The most successful p-type dopant for GaN so far is 
Mg, but the conductivity and carrier density of p-type GaN is still low compared to n-type. 
This is one of the reasons that lead to the efficiency droop problem in group-III nitride 
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based lighting devices, which refers to the phenomenon of the reduction in LED efficiency 
at high current density injection [92]. The difficulty of p-type doping also increases the 
device resistance for group III-nitride based electronic applications, such as field effect 
transistors (FETs). Nevertheless, nanowires could possibly provide a solution for the p-
type doping problem. 
4. Review of Applications 
The applications of group III-nitride nanowires can be divided into three categories: 
optoelectronic applications [93], electronic applications [9, 94-96] and electromechanical 
applications [18]. 
4.1.Optoelectronic applications 
The optoelectronic properties of group III-nitride materials make them promising for use 
in lighting devices such as LEDs and lasers. For example, InGaN/GaN quantum well 
based structures are widely used as the active region in LEDs and lasers. The group III 
nitride nanowire structures have also been investigated in LED [69, 97, 98] and laser 
[99-105] devices more recently.  
One of the motivations of studying nanowire-based LEDs is to obtain a high light 
extraction efficiency compared to the conventional planar quantum well based lighting 
devices. Also, the feature of density of states in a 1D nanowire system can provide a 
better control of the colour purity than a 2D quantum well-based system. However, the 
large surface-to-volume ratio of the nanowires could exacerbate nonradiative surface 
recombination [106, 107], because of the Shockley–Read–Hall (SRH) process associated 
with the presence of surface states. Consequently, the carrier injection efficiency is further 
hindered by the nonradiative surface recombination [108, 109]. Therefore, the light 
output power of nanowire-based LEDs is generally lower than for planar quantum well 
based LEDs. Moreover, the nonradiative surface recombination can result in temperature 
increases, degrading the device performance. Nowadays, the best reported planar 
quantum well based blue LEDs can already achieve satisfactory internal quantum 
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efficiencies (IQE). Those factors mentioned above pose a bottleneck for the nanowire-
based LEDs to compete with the planar ones especially for blue emission [110].  
However, the nanowire structures of the group III nitride materials have shown some 
promising properties in terms of ultraviolet and infrared emissions. It is still difficult to 
obtain high efficiency ultraviolet emission using planar AlGaN/GaN or AlGaN/AlN 
quantum well structures. One reason for this is the difficulty to achieve good quality p-
type doping for group-III nitride materials, as discussed above, leading to poor hole 
injection and high resistances. The p-type doping of AlN or AlGaN is more difficult than 
InGaN, due to an even higher activation energy of Mg in those materials [111], resulting 
in the difficulties to achieve high-performance ultraviolet LEDs. The AlN nanowires, 
however, have shown an enhanced Mg incorporation as compared with planar AlN based 
LEDs [89, 112], possibly due to the reduced formation energy for Al-substitutional Mg 
[87, 88]. As for infrared emission, although with high indium content the emission of 
InGaN can reach red and infrared wavelengths theoretically, as seen in Fig 5, the material 
quality is generally poor with high In content. Moreover, electron accumulation at the 
surface of InGaN layers is more pronounced with high In content, leading to band 
bending and hindering the device performances [113, 114]. However, the In-rich InGaN 
nanowire structures have been reported to have enhanced In incorporation with an 
emission wavelength at 1.46 µm [115].  
Intensive studies have been made on group III-nitride based solid-state electrically 
pumped lasers, since first GaN-based blue laser diode was invented in 1996 [116, 117]. 
The planar quantum well-based laser diodes show promising performances within the 
visible spectrum [118-121]. However, it is still challenging to obtain high efficiency 
ultraviolet lasers, where AlGaN [122] or AlN [123] are normally used. The main 
difficulties for that are firstly the inefficient p-type doping and secondly the high 
dislocation densities when using AlGaN or AlN, resulting in significantly increased 
threshold currents for ultraviolet emitting lasers [93]. Nanowire structures show some 
advantages in this regard. As discussed previously, the Mg incorporation can be enhanced 
in nanowire structures, and it is possible to grow nearly defect free nanowires to reduce 
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the required threshold current [88]. For example, AlGaN nanowire-based lasers have 
shown a much lower threshold in the ultraviolet spectrum [124, 125] compared to the 
AlGaN quantum well based structures [122]. The laser cavity can be formed by the 
random spacings between the nanowires, as illustrated in Fig 7. 
  
Fig 7. (a) is the schematic of a cavity formed by random spacings between the nanowires. The red 
arrows illustrate the path of photons. (b) is the schematic of the nanowire heterostructure used for 
the laser. Both of the images from [124] (reuse permitted).  
The group III nitride nanowires were also investigated for single photon sources 
[126-128], which are a fundamental requirement for quantum cryptography and can also 
be used in quantum computing. With the availability of high-speed blue single photon 
detectors and less attenuation in this spectral region for free space transmission, the III-
nitrides  have potential advantages over group III-arsenides and -phosphides. As the 
single photons are emitted by quantum dot structures, a dot or disk is often embedded in 
a single nanowire, forming axial heterostructures as in Fig 6(b). Although the quantum 
dots can also be grown within 2D layers, on the top of islands or mesas etc., the nanowire 
structure could provide an easy separation of the dots, providing access to a single dot or 
disk, which is preferable for device applications. 
Apart from light sources, the group III nitride nanowires can also be used in solar cells 
[129-132] and photodetectors [133-139]. The nanowire structure can introduce light 
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trapping effects, enhancing the light absorption [93]. Additionally, electron-hole pair 
generation and charge carrier separation can also be enhanced by the nanowire structure 
due to the large surface-to-volume ratio [131, 140]. Their wide bandgaps make it possible 
to achieve photovoltaics in the ultraviolet wavelength range with much less energy loss 
compared with other materials used in similar spectral range [141, 142]. However, it is 
still challenging to make high-efficiency red or near-infrared photovoltaics using InGaN 
with high In content [143-145]. This is probably because of the In segregation problem 
and poor material quality, which remains to be one of the main issues of InGaN materials 
and devices [146]. 
4.2.Electronic applications 
Group III nitride materials are also attractive candidates for high power and high 
temperature electronic applications, due to their wide bandgaps, high break-down fields 
and good transport properties [95]. Nanowire structures are promising for assembling 
small-size electronic components for nano-devices, such as single nanowire-based p-n 
junctions [27], Schottky diodes [147] and field effect transistors (FETs) (see Fig 8) [9]. 
The electron mobility could be further enhanced by the 1D confinement effects. It has 
been demonstrated that the electron mobilities of GaN nanowire-based FETs are 
comparable to or larger than thin film materials with similar carrier concentration [9].  
  
Fig 8. The structure of a single nanowire based FET. Figure from [9] (reuse permitted). 
However, good quality doping is required for those electronic components, which remains 
a challenge at nanoscale, for p-type doping in particular [148, 149]. Although nanowires 
can to some extent improve the quality of p-type doping [86-88], an alternative solution 
to by-pass the doping problem is to use undoped heterostructures to form 2D electron 
gas by band engineering, which can be applied in high electron mobility transistors 
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(HEMTs). For example, Li et al. reported the presence of confined electron gas with a high 
electron mobility in a GaN/AlN/AlGaN radial nanowire heterostructure [10], the 
structure of which is presented in Fig 9. 
  
Fig 9. (a) is a cross-sectional scanning transmission electron microscope image of the radial 
nanowire heterostructure. (b) shows the HEMT structure to access the 2DEG in the nanowire. 
Figures from [10] (reuse permitted). 
4.3.Electromechanical applications 
Group III-nitride nanowires have attracted increasing interest in the area of 
optoelectronics and electronics, as discussed above. However, their mechanical properties 
have not been explored in detail, whereas the rigidity, thermal stability, thermal 
conductivity and piezoelectric properties of the materials make them interesting 
candidates for nanoscale electromechanical systems, such as resonators, oscillators, strain 
sensors and energy harvesters [18, 79, 150-152].  
The challenge for using group III-nitride nanowires in the electromechanical applications 
is the size effect on the value of Young’s modulus. The dependence of Young’s modulus 
on the size of the nanowires remains controversial. Theoretically Young’s modulus is 
expected to increase with reduced diameters of the nanowires, which applies to ZnO 
nanowires [153]. For GaN nanowires, by contrast, a significantly lower Young’s modulus 
was found for thinner nanowires [154], which means the diameter of the nanowires have 
 19
Group III-nitride Nanowires
to exceed a certain value to have comparable Young’s modulus as bulk GaN [155], posing 
extra requirements on the growth and limiting the use of ultra thin nanowires.  
Another challenge is to maintain the high mechanical quality factors (Q) at the nanoscale. 
The Q factor is defined as the ratio of the resonance frequency to the resonance full width 
at half maximum power. A high Q indicates small energy loss for resonators, oscillators 
and piezoelectric energy harvesters. However, the Q factors decrease with decreasing 
nanowire diameters [156, 157]. GaN can provide a material solution for this, as GaN 
nanowires have demonstrated a much higher Q factor than the widely used Si nanowires 
at similar sizes [79, 154], although improvement is still required for real device uses. 
5. Conclusions 
Group III nitride nanowires have been extensively studied in optoelectronic, electronic 
and electromechanical systems. The advantages of their nanowire structures include both 
the intrinsic material properties, and extra unique properties induced by the nanowire 
geometry, making them promising candidates for the broad applications mentioned 
above. Nowadays, MBE and MOCVD are the main growth techniques to obtain 
nanowires, and extrinsic particle free epitaxy is usually preferable to catalyst-induced 
epitaxy, as it can avoid the adverse effects from the foreign catalytic metal particles. 
However, some top-down growth methods also exist, with their own advantages for 
specific device uses. In general, group III-nitride nanowires remain a relatively new field 
as compared with other thoroughly studied nanowires such as III-arsenides, ZnO and Si. 
Therefore, more effort is still needed to expand the fundamental knowledge of the 
materials as well as to explore their potential applications. For example, solving the 
problem induced by nanowire surface states, further improvement of p-type doping in III-
nitride nanowires, and obtaining high quality nanowires grown by extrinsic particle free 
approaches, are the next research focus. 
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